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Precisely locating oxygen atoms in nanosized systems is a real challenge. The

traditional strategies used for bulk samples fail at probing samples with much

less matter. Resonant elastic X-ray scattering (REXS) experiments in the X-ray

absorption near-edge structure (XANES) domain have already proved their

efficiency in probing transition metal cations in thin films, but it is not feasible to

perform such experiments at the low-energy edges of lighter atoms – such as

oxygen. In this study, the adequacy of using REXS in the extended X-ray

absorption fine structure (EXAFS) domain, also known as extended diffraction

absorption fine structure (EDAFS), to solve this issue is shown. The technique

has been validated on a bulk FeV2O4 sample, through comparison with results

obtained with conventional X-ray diffraction measurements. Subsequently, the

positions of oxygen atoms in a thin film were unveiled by using the same

strategy. The approach described in this study can henceforth be applied to solve

the crystallographic structure of oxides, and will help in better understanding the

properties and functionalities which are dictated by the positions of the oxygen

atoms in functional nanosized materials.

1. Introduction

Oxide thin films are a topic of increasing research relevance

owing to their potential applications in conventional electro-

nics, spintronics and orbitronics (Bibes et al., 2011; Trier et al.,

2021; Vaz et al., 2018). The properties of these films are very

sensitive to their crystallographic structure. As a result, there

is particular interest in determining the positions of the atoms

present in the crystal (Tan et al., 2019).

In oxide materials, knowing where the oxygen atoms are is

crucial to fully picture the crystal structure of the sample.

Oxygen atoms can also play a major role in the properties of

functional oxides. Locating them is thus necessary to explain

the phenomena behind such properties and is a preliminary

step before the use of oxide materials in functional devices.

One example is magnetically active or ferroelectric oxides,

where knowledge of the oxygen positions is needed to explain

the arrangement responsible for the material’s behavior

(Giovannetti et al., 2011; Zhou et al., 2019). Equally, in oxides

with orbitally ordered states, locating the oxygen atoms allows

one to understand the structural deformations which lead to

the orbital order inside the material (Kawaguchi et al., 2016).

For bulk materials, synchrotron X-ray diffraction (S-XRD)

and neutron diffraction (ND) techniques are commonly used
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to locate the different atoms that compose the crystal

(Woińska et al., 2016; Shahzad et al., 2011; Blum et al., 2009).

However, these methods have difficulties in giving a whole

picture of the crystal structure of thin-film samples. Thin films

have much less matter to probe, limiting a potential crystal-

lographic unveiling via ND. Furthermore, they possess a

strong preferred crystal orientation, which hinders a complete

crystallographic study through conventional S-XRD.

A possibility for such systems is precession electron

diffraction, a technique coupled with transmission electron

microscopy which allows solving the structure of thin-film

materials (Steciuk et al., 2019; Rotella et al., 2015). Despite its

potency in obtaining accurate structure models, this technique

requires a tedious and destructive sample preparation process.

Therefore, a friendlier approach for the crystallographic

unveiling of thin films is desirable.

An alternative for the presented issues would be resonant

elastic X-ray scattering (REXS) in the X-ray absorption near-

edge structure (XANES) domain, also known as diffraction

anomalous near-edge structure (DANES). Differently from

conventional diffraction techniques, DANES experiments

consist of an energy scan around the absorption edge of one of

the present atoms, for a fixed reflection position of the reci-

procal lattice. This approach is based on the fact that the

dispersive terms [ f 0(E) and f 00(E)] of the atomic scattering

factor [ f(Q, E) = f0(Q) + f 0(E) + if 00(E)] are energy dependent.

DANES has already been shown to be successful in probing

the metallic cations in oxide thin films through resonance at

their K edges (Lefevre et al., 2017; Thomasson et al., 2013).

Resonance at the absorption edge of oxygen is, however, not

feasible in practice, owing to the low energy (530 eV) (Frati et

al., 2020) and hence long wavelength (2.3 nm) of this edge.

These values imply that the absorption is too strong (Tröger et

al., 1992) and the impossibility of studying small-sized crys-

tallographic cells, such as those of most oxides. As a result, the

direct probing of oxygen atoms is not straightforward.

In the XANES region, around the cation absorption edge,

the information predominantly originates from the cation (its

oxidation state, occupation factor . . . ). Owing to its predo-

minant influence in this domain, it is hard to extract infor-

mation about the surrounding ligands. Fortunately, the

extended X-ray absorption fine structure (EXAFS) domain,

which starts at around +50 eV above the cation absorption

edge, does contain such information (Favre-Nicolin, 1999). We

therefore propose the exploration of a wide energy range, just

below and covering a substantial range above the absorption

edge, for an accurate determination of the position of the

oxygen atoms.

REXS in the EXAFS domain (also known as extended

diffraction absorption fine structure, EDAFS) has already

been used to solve crystallographic structures by the analysis

of the EXAFS oscillations, which can be related to the

interatomic distances (Stragier et al., 1992; Katcho et al., 2009).

Scanning beyond a cation’s edge, one can place its

surrounding ligands in a sphere whose radius is the inter-

atomic distance. If the ligands are in a position (x, y, z) that

depends on several parameters, more than one solution will

place them in the described sphere, and it will be hard to

unequivocally locate them by this approach.

In this study, we propose to directly fit the EDAFS spectra

for the refinement of the oxygen positions. For this, the

structure factor on the EXAFS part is simulated, and then the

intensity of the whole fine structure is compared with the

measured value. This approach has already been used to

characterize structural distortions and other phenomena that

only concerned the cation itself (Joly et al., 2008). Our aim is to

show that one can also unambiguously locate the surrounding

oxygen atoms by indirectly probing around the cation’s EXAFS.

The methodology for the validation has been, in the first

place, to theoretically demonstrate that EDAFS spectra are

indeed sensitive to the oxygen-atom positions. Prior to the

experimental validation, we have proven that it is feasible to

unequivocally determine these positions through a fitting

procedure of REXS spectral intensities with the FDMNES

software (Bunău & Joly, 2009).

Secondly, the whole procedure has been experimentally

validated. The spinel iron vanadate, FeV2O4 (FVO), has been

chosen as a showcase material. At room temperature and in

the bulk form, FVO crystallizes in the Fd3m (227) space

group. V3+ and Fe2+ cations occupy the 16d and 8a fixed

special positions, respectively, whereas oxygen occupies the

32e special position (x, x, x), which depends on the x para-

meter (Zhang et al., 2012). As a result, the fitting of the atomic

positions only involves one single parameter (x). At low

temperatures or in the form of thin films, the structure

becomes tetragonal (I41/amd) and the oxygen position (16h)

depends on two parameters (0, y, z).

In terms of properties, the material has been shown to

present ferrimagnetism (MacDougall et al., 2012), ferroelec-

tricity (Zhao et al., 2015) (and hence a multiferroic behavior;

Eremin, 2019), an orbital-ordered state (Xie et al., 2019), a

possible spin-glass-like behavior (Nishihara et al., 2010) and a

potential use in Na-ion batteries (Maggay et al., 2018) among

other functionalities. Most of these properties are strongly

impacted by the positions of the oxygen atoms. This is why

their determination is so crucial, and this is what makes FVO a

perfect candidate for the validation of the proposed method.

EDAFS measurements have been carried out on a bulk

FVO sample and, by fitting the spectra with FDMNES, a value

for the oxygen position has been found. Conventional S-XRD

measurements have been performed on the same bulk sample

and lead to the same value for the oxygen position. We have

thus shown that information on the position of the oxygen

atoms can be successfully extracted from the fitting of an

experimental EDAFS spectrum. Finally, we have applied the

whole method on a thin film of FVO, in order to determine the

position of the oxygen atoms in a system in which the quantity

of matter is small.

As a result, this study constitutes a proof of the efficiency of

EDAFS to indirectly probe oxygen atoms by fitting the

experimental spectra around the cation’s EXAFS and its

adequacy to nondestructively analyze nanosized systems,

where most conventional diffraction studies fail to achieve the

goal that we pursue.
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2. Experimental

To elaborate FVO powder, a stoichiometric mixture of Fe2O3

(Sigma–Aldrich, 99.6%) and V2O5 (STREM CHEMICALS,

99.8%) was manually ground in an agate mortar for 15 min,

with a small quantity of ethanol. The resulting powder was first

heated to 873 K for 10 h in a reducing atmosphere of H2/Ar

(2.5:97.5) to reduce V2O5 and Fe2O3 from their V(V) and

Fe(III) to their V(III) and Fe(II) states, respectively. Secondly,

a calcination was performed at 1373 K for 10 h, using the same

reducing atmosphere, to form the desired spinel phase. The

resulting calcinated powder was milled through attrition using

0.8 mm-diameter ZrO balls in ethanol for 2 h. The grain size,

measured using a granulometer, was of the order of 1 mm.

Finally, the fine powder was uniaxially pressed in the form

of a cylindrical pellet and sintered at 1573 K for 20 h, using the

same reducing atmosphere as for the calcination. The stoi-

chiometry of the synthesized compound was checked using

energy-dispersive X-ray spectroscopy. A V:Fe ratio of 1.97 �

0.07 was measured, close to the expected value of 2.0.

The FVO pellet was then used to grow 25 nm-thick

FVO(001) films onto MgO(001) single crystals (lattice

mismatch: 0.4%) by pulsed laser deposition. The pellet was

ablated by a KrF excimer laser (� = 248 nm) with a fluence of

3 J cm�2 and a repetition rate of 5 Hz. The deposition took

place in a 10�2 mbar (= 1 Pa) partial pressure, keeping the

substrate at a temperature of 673 K. These conditions are

based on a previous optimization of stoichiometric MgO//

FVO thin films by our team (Roulland et al., 2022).

The bulk sample was ground and inserted into a capillary

powder. REXS measurements were carried out at the

DIFFABS beamline of the SOLEIL Synchrotron, covering an

energy range of (�40 eV, +240 eV) around the Fe K edge

(around 7130 eV) (Husain et al., 2018), widely scanning thus

both XANES and EXAFS parts of the Fe absorption spec-

trum. A dedicated Python code was developed for the treat-

ment and refinement of these EDAFS data. S-XRD

measurements with � = 0.67122 nm were performed at the

CRISTAL beamline. The refinement of the S-XRD data was

carried out using the FullProf–WinPLOTR software (Roisnel

& Rodrı́quez-Carvajal, 2001), and the oxygen positions were

fitted using the Rietveld method (Rietveld, 1969). For the thin

film, REXS experiments were performed at the D2AM

beamline of the ESRF synchrotron with the same energy

range as the powder sample. All measurements took place at

room temperature.

3. Simulation

REXS spectra were simulated using FDMNES (Bunău & Joly,

2009). This software uses time-dependent differential func-

tional theory with the Hubbard correction (LDA+U) for

spectrum generation. The Green function formalism was used.

The complete set of parameters used in the simulations is

described in the supporting information S1.

All the parameters, including the lattice parameter and the

positions of the cations, were fixed except for the oxygen-

atoms positions (x). For this simulation part, structure para-

meters were taken from the literature (Kawaguchi et al., 2016).

For reasons of geometry, x is expected to have a value close to

0.25, and spectra were therefore simulated in the range

x:[0.230–0.280]. Theoretical spectra (TS) for V and Fe ions

were treated independently.

In actual experiments, the acquisition of EDAFS spectra at

all reciprocal lattice points (RLPs) would not be practical, so a

choice of RLP must be preliminarily made depending on their

adequacy. Two parameters have been considered for the

evaluation of RLPs: their intensity (I) and their sensitivity (S)

to the oxygen positions, as defined in equation (1):

S ¼
Rxmax

xmin

REmax

Emin

ITS xð Þ Eð Þ � Iav Eð Þ
� �2

dE dx: ð1Þ

The sensitivity calculation for a specific RLP compares the

simulated intensity for a specific x and at a specific energy E,

ITS(x)(E), with the average simulated intensity at this specific

energy, for all the considered x values, Iav(E). All the active

RLPs of FVO can be positioned in an I versus S plot, as

represented in Fig. 1.

A weight factor can be defined considering both para-

meters: Wj = SjIj . In the case of the V (Fe) edge, after

normalization of the weight factors (
P

j Wj ¼ 1, on all i

reflections), two RLPs account for 63% (70%) of the weight

sum: 044 – 35% (36%), the most intense; 333 – 28% (34%), the

most sensitive. Consequently, among all actively diffracting

RLPs, only these two reflections will be considered for the

acquisition of experimental data.

In terms of the edge choice, oxygen atoms at (x, x, x) are

directly connected to the two cations (Fe, V), so both are

equally valid for the purpose of this study. As shown in Fig. 2,

for the two RLPs which are being considered, the relative

sensitivity and intensity are similar at both absorption edges.

The main difference appears in their energy: 5481 eV for V

(Frank et al., 1998) and 7111 eV for Fe (Husain et al., 2018;

Alderman et al., 2017). Owing to the smaller wavelength of the

incident X-rays, this latter edge will present fewer self-

absorption issues and a better signal-to-noise ratio, allowing a

more exact determination of the oxygen positions. Therefore,

EXAFS spectra have been studied around the Fe absorption

edge.
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Figure 1
Intensity versus sensitivity to the oxygen position for all actively
diffracting RLPs for FVO, for both the V and Fe K edges.



To prove whether it is possible to fit EXAFS spectra and

obtain the oxygen positions, a first fitting process was

performed on a pseudo-experimental spectrum (p-ES). For

that purpose, a Gauss-centered random noise was added to the

simulated theoretical spectra, as shown in the supporting

information S2.

At a later stage, a random Gauss-centered energy shift was

introduced, simulating the experimental conditions encoun-

tered in REXS measurements. The whole process of noise

addition and energy shift displacement has been described in

the supporting information S2.

The noise generation and fitting processes were repeated

10 000 times, allowing the estimation of an error bar through

the bootstrap method. The calculation of this error has also

been described in the supporting information S2.

The resulting p-ES, generated with x = 0.25 and zero energy

shift, was then fitted by comparison with the theoretical

spectra. For each x and energy shift (Ei) value, a difference

(X2) between the intensity of p-ES, Ip-ES(E), and the TS,

ITSðx¼xiÞ
ðEþ EiÞ, is calculated, as defined in equation (2):

X2
j ðxi;EiÞ

¼
REmax

Emin

Ip-ESðEÞ � ITSðx¼xiÞ
ðEþ EiÞ

h i2

dE: ð2Þ

This process is repeated for all considered reflections (j).

When considering the whole set of reflections that are

studied, the total error takes the form shown in equation (3):

X2
ðxi;EiÞ
¼
P

j

X2
jðxi;EiÞ

: ð3Þ

The fitting of the Fe edge p-ES leads to a minimum x =

0.2500 (2), as displayed in Fig. 3, close to the expected initial

value (0.25).

The determination of the position of the oxygen atoms

through fitting of the EDAFS spectra is therefore theoretically

feasible.

4. Experimental results

The S-XRD diffractogram measured for the synthesized FVO

powder is shown in Fig. 4. The representation and fitting of the

diffractogram was carried out with Fullprof. A negligibly small

parasite phase belonging to the Fe2O3 precursor can be

observed, but, since the refinement is based on the position

and relative intensities of FVO peaks, it does not interfere

with the results of our study.

The lattice constant was calculated by a profile matching

analysis: a = 0.845750 (7) nm, consistent with previously

reported results (Kawaguchi et al., 2016). Using this value, a

Rietveld refinement was carried out, leading to x = 0.262 (2)

for the oxygen-atom positions. The complete set of refined

atomic positions is listed in Table 1.

REXS spectra were acquired on the same capillary as the

S-XRD data. The Fe absorption edge was chosen on the 333

and 044 reflections, because they showed better reliability in

the simulation part of this study. Owing to the powdered

nature of the sample, when measuring the 333 reflection, the
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Figure 3
X2 as a function of the oxygen position, x, and the energy shift. The cross
labeled ‘min’ represents the x and energy shift coordinates leading to the
smallest X2.

Figure 4
S-XRD experimental diagram for � = 0.67122 Å (black) and the best
refinement obtained with Fullprof (red).

Figure 2
p-ES for x = 0.25 (black) and TS (colored) for various x values, around
the Fe K edge for the 333 and 044 reflections.



acquired intensity would also include the 511 reflection (for

both, h2 + k2 + l2 = 27). As a result, we considered a combined

333 + 511 reflection with a relative weight of 54%, as defined

in Section 3. The two chosen reflections, 044 and 333/511,

would thus account for a total of 80% of the weight sum.

FDMNES was again used to simulate spectra for a complete

meshing of oxygen positions and energy shifts. The powder

sample presented a considerable self-absorption, which was

also taken into account in our simulations. Ideal occupancy

factors (Fe: 8/192; V: 16/192; O: 32/192) were considered. A

fitting of these factors shows that the experimental occupancy

factors coincide with the ideal values.

The experimental REXS spectra are compared with the

simulated ones in Fig. 5. Slope and intensity normalization

corrections, depending not on the material itself but on the

measurement conditions, were performed before data

analysis.

The same procedure applied on the p-ES was repeated on

the experimental spectra. The results of the refinement

procedure can be seen in Fig. 6, with x = 0.2625 (2). This value

found for the oxygen positions perfectly matches the one

obtained via the Rietveld refinement of the S-XRD data. The

procedure was repeated varying by �20 eV the starting

energy value for the refinement (7200 eV). This led to negli-

gible changes in the oxygen-position value and the energy

shifts.

Another refinement using the already described procedure

was the XANES part of the Fe absorption spectrum (7050–

7200 eV). Oppositely to EDAFS fitting, the refinement

conditions highly affected the found value

for the oxygen positions. In addition, the

error was too high to consider the results

reliable. Scanning the EXAFS part of the

spectrum, which mostly depends on the

oxygen atoms (neighboring ligands), hence

seems necessary for an exact determination

of their positions.

The whole EDAFS procedure was then

applied to a 25 nm MgO//FVO thin-film

sample. Owing to the substrate strain, FVO

presents a distorted spinel tetragonal

structure, crystallizing in the I41/amd space

group. As a result, the oxygen-atom posi-

tions in the thin film (0, y, z) depend on two

parameters. Analogously to what was done

for the bulk sample, in the X2 minimization

the energy shift was considered as a third

parameter, minimizing it for each (y, z) set.

MgO crystallizes in the Fm3m space

group (a = 0.421 nm) and has 022 as an active reflection. Since

the substrate comprises much more matter than the thin film,

it completely eclipses the 044 reflection of FVO, which

becomes unexploitable. The chosen RLPs are then 311 and

511.

The lattice parameters of the FVO film are c =

0.8.441 (7) nm and a = b = 0.8463 (3) nm. The complete

structural characterization of the film is detailed in the

supporting information S3. This structural information has

been used for the generation of the theoretical spectra. The X2

minimum was found for y = 0.467 (1) and z = 0.267 (1), as

shown in Fig. 7. These values fit the 311 and 511 spectra well,

as shown in Fig. 8. The complete set of atomic positions for the

thin film is listed in Table 2.

The signal-to-noise ratio is not as good as for the bulk, but it

has been possible to find a mathematical minimum and thus

locate the oxygen atoms. The scanning of additional RLPs
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Table 1
Atomic positions of bulk FVO (Fd3m group, origin choice 2).

Atom Position Atomic coordinates

Iron 8a 0.125, 0.125, 0.125
Vanadium 16d 0.5, 0.5, 0.5
Oxygen 32e 0.262 (2), 0.262 (2), 0.262 (2)

Figure 5
REXS spectra acquired at the Fe edge for the 333 and 044 reflections, compared with the
simulated TS at different x.

Figure 6
X2 as a function of x (oxygen position) and the energy shift, for the
experimental spectra.



would improve the calculation statistics, leading to a more

accurate determination. However, and in spite of the limited

quantity of matter, we have been able to determine the

oxygen-atom positions on a 25 nm thin film.

5. Conclusions

The position of the oxygen atoms, defined by the x parameter

in the bulk FVO sample, has been found to be the same for the

Rietveld refinement of the S-XRD data – 0.262 (2) – and the

approach we have presented in this study – 0.2627 (2) – which

constitutes a proof of validation for our approach.

This method can be applied to thin-film systems, as we have

shown for MgO//FVO. Despite the small quantity of matter,

the oxygen positions have unambiguously been determined in

a nondestructive way.

This approach follows the path of structural studies which

use DANES to probe cations in thin films (Martin et al., 2020)

and pushes the method one step further, now probing indir-

ectly the ligands which surround the cations. It can naturally

be generalized to systems other than a spinel oxide. However,

lower-symmetry systems may have more parameters to fit,

requiring more simulation time and making the refinement

process harder. When dealing with several parameters, instead

of the complete meshing strategy, the X2 minimization process

might be done by an adequate choice of the simulation

conditions, until the refinement process unequivocally

converges into a single result.

To summarize, in this study we have proven the adequacy of

a nondestructive REXS-based approach to determine the

positions of oxygen atoms with a study performed on a bulk

sample. We have then applied the method to a thin film to

prove its efficiency in the case of a small amount of matter.

The honing of this technique will enable the complete probing

of the atomic positions in nanosized systems and will surely

ease the conception of future thin-film-based devices.
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Figure 8
REXS spectra for the experimental 511 and 333 reflections compared
with the theoretical data.

Table 2
Atomic positions of FVO thin films (I41/amd group, origin choice 2).

Atom Position Atomic coordinates

Iron 4a 0, 0.75, 0.125
Vanadium 8d 0, 0, 0.5
Oxygen 16h 0, 0.467 (1), 0.267 (1)

Figure 7
X2 as a function of z and y, parameters defining the oxygen positions.
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Compd. 836, 155425.

Nishihara, S., Doi, W., Ishibashi, H., Hosokoshi, Y., Ren, X.-M. &
Mori, S. (2010). J. Appl. Phys. 107, 09A504.

Rietveld, H. M. (1969). J. Appl. Cryst. 2, 65–71.
Roisnel, T. & Rodrı́quez-Carvajal, J. (2001). Mater. Sci. Forum, 378–

381, 118–123.
Rotella, H., Copie, O., Steciuk, G., Ouerdane, H., Boullay, P., Roussel,

P., Morales, M., David, A., Pautrat, A., Mercey, B., Lutterotti, L.,

Chateigner, D. & Prellier, W. (2015). J. Phys. Condens. Matter, 27,
175001.

Roulland, F., Roseau, G., Corredor, A. P., Wendling, L., Krieger, G.,
Lefevre, C., Trassin, M., Pourroy, G. & Viart, N. (2022). Mater.
Chem. Phys. 276, 125360.

Shahzad, K., Khan, M. N., Shabbir, G. & Bashir, J. (2011).
Ferroelectrics, 414, 155–161.
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